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PRELIMINARY TESTS AT SUPERSONIC SPEEDS
OF TRTANGUIAR AND SWEPT-BACK WINGS

By Macon C. Ellis, Jr. and Lowell E. Hasel
SUMMARY

A series of thin, triangular plan-form wings has been tested
in the model supersonic tunnel at Langley. The series consisted of
eight triangular wings of vertex sngles such that a renge of leading-
edge positions both inside and outside the Mach cone &t the two test
Mach numbers of 1.43 and 1. 71 was obtained. Three swept-back wings
having angles of sweep of 45° N 55 and 63 were alsc tested et a
Mach number of 1.43. These swept-back wings had circular=-arc sections
with rounded leading edges snd thicknesses of 13.3 percent of the
chord measured normal to the leading edge. For each angle of sweep,
wings having two values of aspect ratlo were tested.

Lift results for the triangular wings indicated that Jones'
theory for the 1ift of slender pointed wings is applicable for thin

wings in the range of test Mach numbers up to valuses of tan ¢ egual to

m
approximately 0.3, where € 1s the wing vertex half-sngle and m 1s
the Mach angle. The center of pressure of the trianguler wings was
coincident with the center of area for all the wings tested at both
Mach numbers. The lowest minimum drag coefflcients were obtained
for the wings with smallest vertex angles relatlive to the Mech angle.
Also in this smallest vertex-angle region, the highest values of
meximum L/D of ebout seven for both Mach numbers were obvained.

It was thus indicated from the tests that wings heving triangular
plan forme should be operated well within the Mach cone fo. maximum
efficiency.

Results of the swept-back-wing tests compared with trienguler
wing results for a Mach number of 1.43 show the seme trends or 1ift
and drag as the sweep engle is changed. For corresponding sweep
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angles, the swept-wing Lift-curve slopes wers lower than those for
triangular wings, dve probably to the increamed thickness. It is
indicated from the tests that for a Mech number of 1.4, the angle of
sweep must be increased to about &C to obtain low drag coefficients
of the same magnitude as those due to skin Iriction.

INTRODUCTION

Recent theories of low-zapect-ratio trisnguler wings and swent
wings by Jones (references 1 and 2) have indiccted the adventages
to be geined throuzh the uvse of pointed plan-~-form wings for high-
gpeed flight. Numerous tests both In this couniry and fn Germany
heve shown that the drag rise with Mech number Jjust below sonic
velocity usuelly essoclated with wings having thelr leading edges
normal to the flight direction mey be delayed to hilgher speeds by
the uss of sweepback. OSame of these tests have beon conducted at
high subsonic and up to meoderate supersonic speeds; howover, the
largest smount of exmnorimental work avperrs to be In the low sub-
sonic speed region end is mostly concerned with dovelomrent of moens
for making the siability snd control characterilstics of swept wings
gatisfactory. In reference 1, Jones haes indicated by use of thecries
assuming small disturbances that the 1ift distribution at smell engles
of attack of a alender airfoll having a pointed or itrianguler plun
form is rolatively unaffected by the compresslbilily of the eir below
or ebove the epeoed of oound. The required condition for emall chenges
in scrodynomic characteristics with Mach mumbor at supoirsonlc snecds
is that the trlangnlar wing have its vertox eangle so small that the
entire surfece lies near tha center of the Mech cone. With this
condition satisfied, 1t would be expected that chsnpes In lift-curve
glope withh Mech number would bo small and thet the position of the
center of pressure et the center of ares would not change. It was
shown thet tho direction of the resultant force lios halfway betwoon
the normal to tho surfecu and the normal to the alr strosm, sug-
gosting that higher velues of L/D might be expectod from these
wings than for wingzs having ossentially two-dimenseional clmractoristics;
that ia,wings with the rosultant force normal to the surface. An
:Lsolated. test of a slender trienguler airfoil at a Mach number of 1.75
in reference 1 verifilied the theoretical values of 1ift and center of
pressure; however, the velue of meximm L/D wee not obtained. Thus
the present tests of a series of thin triangular wings at supsracnic
speeds were made to explore the possibilities of high values of
mexirmm L/D, %o find the limite of Jones' slender wing theory, and
to provide preliminary deslign information for such wilngs beyond this .
limit.
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A series cof elght trianguler wings of various vertex angles
were tested at Langley in the so-called model supeisanic tunrel
which was the Tarertuner of the present Langley 9-inch supersonic
tunnel. The tests wers brief and preliminayry in naturs, heceuse et
the time they were started the date for starting modification of
this tunnel to the presont cloged-return tunrel was imminent. The
vertex angles cf the wings were ¢f such velunes that e range of
leadingz-edge positions both insids snd oculside of the Mach cone were
covered for the two test Mach numbors of 1.43 and 1.71. Following
the triengular wing tests, time permitted anly very brief tests of
six sweptback wings at one Mach nuwber of 1.43., Results of these
sweopback tests are included herein mainly for thelr cuslitative
imli;ica'bions. L1 of the toste were mads during July and August of
1945. LI : . : :

SYMBOLS
M Mach nunber
v atresm velocity
D stream density

dynamic pressure 35'972)

R - Reynolds number referred to ¢

o : engle of atteck

€ trisngular wing vertex haif-angls

m © Mach angle | o

L sweepback angle

b naximm spen of wing

c maximm chord .

s wing ares

A aspect ratio (p2/S)

l distance to center of area from vertex
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%
Cp, 1ift coefficlent (P..i_g&)
q

e Dreg

c érag coefiicient
D 5
CMC r. vitching-moment coefficient for triangnlar wings
e Momont ebout center of ares)
gSc

Subecripts:
C.a. center of a.ves
mex maximam
min minimun
21 mean oY AvVercgsd

IFESCRIPTION OF SUFERSONIC TURHEL AND TOET MOIFLS

The sc-celled model Pupeischic tumincl in whish the tests reported
herein were nede wes the dircet-zction type, that 1s, =hmocuheric alxr
w8 conbtinuonsly inducted, commresced, and after passing throuch the
nozzla end dlfiuser, nzhsusted beack to the atmoephers. Thus this
tunnel waz subJject to condenmatton in the superszonilc nozzle during
-reriods of high outside alr humidity; some of the affccts of conden-
pation will be mentioned later. The supersocnic noczleg and test
sections for the tunnel were formed by Interchengeablse nozzle blocks

inscrted betweon fixed slde walls T—,;; inciuoes apart. The test scctions

wore approximztely sguare. A threc-caomponent balsnce and shieldsd-
gting-support systen provided mcans for meesuring 1ift, moment, and
drag forces on modeols.

In oxder to expedite the teste in the 1limited timp avallable,
Ene trienguler wings were made slmply from fle’ sheets of
= -inch thicl: steel. The leading edges wors beveled elightly and
rounded off, and the tralling edass wers boveled to a pharp odio as
gshown in figure 1 which also giver dirensions of the wingd. For the
tests, the wings were mounted on a sting support which ypazsed through
a sharp-edged conlczl shisld to the thres-component helrnco. The slzo
of the wines ware limited by the forces the bai-nco wes csnable of

V...
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measuring; the reflscted shock from the wing'v_erbex was always
well back on the shield.

Detalls of the swevt-back wing models are showm in figure 2.
Circular-arc sections were selected msinly for esse of constructiom
and duplication. The leading edges were rounded bocause it wes
considercd that the wings would operate always behind the Mach engle.

TEST RESULTS AND DISCUSSION

Descrintion of Teosts

When alr of sufficiently low temperstire end high hwnldity
flows through a supersonic nozzle the water vapor besomes super-
cooled, finally condonsing at a shock front somevhore aldng the
nozzle. This condensation resulis In an increase in 3tagnation
temperature and a decrease in total preasure of the air. TFor given
initial stagnstion conditions of the alr before expension through
the nozzle, the effect of varylng hvmidity is to vary tho stresm
conditions in the test section. Most of the testes reported herein
were made during perlods of low humidity, however, streem conditions
did vary to some extont. The two test Mach numbers of 1.43 snd 1..71
s¥e actually averages for the sories of wings; the maximm veriation
in Mech number for the results prosented was zbovrt plus or minus 0.02
and the marximm veristion in stream pressure in the reglon of the
model for any one tost was sbout L percent. Variations wilthin these
values did not seriously affect the scattor of data, although they
maede -1t necesssry to obtain, in somo cases, a largo nurber of test
points in order to find differences in charactoristics among the wings.
It will be noted that fower test poinits were obteined for the triangu-
lar wings at the lower Msch nuber. This was duc to moro conslstont
test conditions which gave loss secatler for the semo numbor of points.

Tares for thoe trianguler and swepht wings wore obtained by
ncasuring the 1ift and drag forcos on the support concs alone. The
drag bare was composed of the small cone diag and a relatively large
pregsure force acting on the spindle area. Tho pressure force was
dus to atmospheric pressure acting on one end of the spindle and
stream pressure acting on the other endi. Thoe drag tares were of ebout
the same magnltude =8 the drag forcee and the varlations in +the
rregsure force thus leave the absclute vaelues of drag more in doubb
then the 1ift resulta. Tares for thie sweplt wlngs wore cbbtained
similerly, but it should be noted that the 1ift tare of the relatively
longer supports was larger then for the small cones forr the friengular
wings.
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Test Results for Triangular Wings

Lift results for the eight trianguler wings at M = 1.43 ave
shown in figure 3. It appears that the 1ift varies lineszly with
sngle of attack up to about 5°, the limit of the testas, for all
wings. Vardstions in angle of zero 1ift for the wings are due to
varying stream inclination and to inadvertently dilfferent asymmetries
in the wings. The same camments apply to the 1ift results for
M = 1.71 shown in fizure k&, except that for wings 5, ¢, 7, and 3, the
angle range is ebout 7° and the 1ift variation is still linsar. It
should be mentioned that these four wlnas all heve thelr lsading edgzos
insids the Mach cone for M = 1l.7l. The 1ift cvrve slopo valuos ITrom
figuree 3 and 4 are collectod and shown in figure £ es the ratio of
measured lift-curve slope to the theoretical two~dimeneional 1ift-

0 € me theoretical two-
tonp m

dimengional lift-curve slope values wre taken from Acleret's theory
d'CI.: - 1 \) L"
da  \3T.3/A/MZ -1

curve slope apalnst the perameter

ag Theoreticel consideratioms indicated

that is a Pundemontal parametor =zs polnted out to the

tan m
cuthore by C. E. Browm of the Lengleoy Laboretory. Tho inverse of
same porameter hes later appecred in a peper entitled "Supersanic
WaveDrag of Thin Airfoils" given by Allen E. Puclkett at the
Tourteenth Anmual Mesting of the Inetitute of Aeranautical Sciencos

in Now York City, Janusry 29, 1946. Tho quantity axproxi-

tn m

mately eguals ¢/m for the range of test Mach nurbors. When fen €
o an m
esquale 1.0, it is 1dentlical to e/m. Thus valueg of _:._i_i lees
' an m

than 1 correspond to cases whore tho leading edge 18 banind tho Mach
anzlo and values greoater thanm 1 correspond to cescs whore the loading

edge 18 =shead of the Mach angle. It is seen that as ten €

zero, the test results for both Mach numbers siow & single curve for
the slope ratio that asymptoles Jomes' theory, The limit of enpli-
cability of Junes' theory for slender triangular wings in the range

.t:.n £ approximately

ecual 0.3. In reference 3, Jomes has developed a2 theory for calculating
the pressvre drag of thin oblique airioils at asupersomic speeds. It
wss pointed out by C. E. Brown of the ILengley Laboratory, that the
cmuations in Jones' report could be used to calculate the 1ift of a
thin triangulier wing for cases where the wing leasding edge 1a cuteids
the Mach cone. Calculationa for wings outside the Mach cone at the

epproaches

of test Mach numbers thus appears as a value of
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test Mach numbers showsd the lift-curve slopes toc be the sams as the
two-Gimensional theoretical values for a straight wing. Thus it is
expected that a suiteble theory for the 1ift of trlengular flat
plates, bridging the gap between Jones' slender wing theory and the
theory for wings outside the Mach cone, would result in a curve that
would follow the lower part of the experimental slope ratio curve bdut

cantinue smoothly to 1.0 or the two-dimensionsl value at :22 fn = 1.0.
The variations in slope ratio, shown by the tests as the wing lesading
edge epproaches and moves ahead of the Mach cone, are believed to be
primarily dus to the flow in the region of the rounded leading edge.
Incidentally, wing 1 wad tesbted reversed, that 1s, with its leading
odge normal to the stresm; and values of lift-curve slope very closely
chocking Ackerst's thoory wero msasured.

The pitching-moment coefrficients in figéres é and 7 show irmse-
dlately that the center of pressure is coincident with ihe center of
area for all the trianguiar wings tested at both Mach numbers. At
the low values of tt;'ﬁ :1’ this result is as predictsd by the theory
end verified by a singls test in reforence 1. The fect that the
center of pressure is coincident with the centor of arco may =slso be

ten ¢
tan

teasoned simply for all velues of

m
conical Tlow. Any supersonic flow in which the pressure and velocity
are canstant along lines radiating from a point is a conical flow
field. Supersonic flow about a point-foremost triangular flat plate
is such a flow. Conical supersonic flows are discussed in detall

by Busemenn in reference L.

Trom congiderations of the

Minimm drag-coefficient velues for the wings at zero 11f% are
collected from figures 3 and 4 and showm in figure 8 plotted ageinst

the sams peramster 50 € .5 were the 1ift-curve slopes. It'is

immediately spyperent tha.t the tests show increasing minimm drag
coeificient as the wing leading edge moves sway from the center of the
Mach cone. As an indication of the theoretical trends of the minimm
drag coefficient as the leading-odge angle &nd Mach mumber are veried,
estimates wore made using the czlculations in Pucloti’s paper
{reference previously uentioned.). The calculations in Puckett's

peper were for the pressure drag of a series of tialn, sherp-edge,
double wedge-section triangular wings of verious thiclnces ratlos end
points of location of maximmm thiclmess. It is reclized that the
assumption of geometrical similarity between the wings of Puckutt's
paper and those of the prosent tests 1s rather crndo, nevortheless,
calculations were made esswning the present wings to havoe an equivalent
thicknoss ratioc equal to the meximm value for tho average chord.
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It was further assumed that the maximrn thickness was located at the
miichord point end was constant from root to tip. Resulie of these

ten e as 414 the test resultis,
n m
that 18, smoothly increasing values of the minimmm drag coefficlent

a8 the Mach angle approsched and passed over the leading edge.

calcwlations showed the same trend wlth

The test points et the lowest valus of —on ;
tan

in figure 8 are for the sams wing at the two test Mach numbers. For
thie wing (wing 8), the calculations of drcg give about the samo
value of CD = 0.002 due to pressure forces for both values of the

on each drag curve

Mach nunber. Frdam the lcw value of pressure dreg indicated by the
calculations for winz 8, it 18 expected that mcst of the drag shown

by the tests for low values of E £ 18 due to sxin friction. Since

there 18 no reason to expect an appréciable difference in skin-frictiom
¢rag for the two Mach nurmbers, the displacement of the drag curves at

the lowest values of _%ﬁ-—x—i— is probably spurious. It is likely

that there is a constant error in drag-tere measurements for the teasts
at elther Mach nvmber which 1s different for the two Mach numbers.
Thus an approximation of the true drag curves eppears posalble by
displacing the upper test curve downwerd and the lower teat curve
upward by equal amounts so that they both asymptote the same line

et %‘Lﬁ equal zero. This esymitotic velue of minhmm dreg coefficient
m

minus an allowance for pressures drsg of ACD 0.062 is of the right
order of magnitude for skin friction. For corresponding wings at the
two Mach numbers, the displaced curves show no difference in drag
values within the scatter of the test points about a emooth curve. It
thairefore appears that the draz repults show the correct trond with

ten ¢ but are not of sufficlent accuracy to show the trends for a
‘b"—ln m -
given wing with Mach nunber. The lmportent conclusion to be drawvn ias

that the preseure drag mny be reduced to a emall *L.lU.e by oporeting
triangular wings well within the Macii cone.

Although the absolute valueos of drag are in some doubt, it 1s
believod that the indlcated rise with angle of atteck is reliable
due to the aystematic nature of the tests for each wing end because
a smooth curve cen be drawn through the points with smll scatter.
A check of the drag riee with angle of attack shows the resaultant
incremental force on all the wings For both Mach numbers to bs normal
to the surface. This result may be obtained by first assuming the
resultent incremental force to be normal to the surfaca, then
caleulating Alp above O for zero angle of attack es ALy = Cy, ten a.

TR
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These calculated values will fall on each drag curve within the
probable test accuracy.-

The meassured I,/D values are shown in figures 3 and 4. The
maxirmm I/D results shown in figure 3 show increasing maxirom L/D
a8 the wings become more slender for each Mach number. The trend
of the curves at the maximm I/D of about seven obtained indicated
the possibility of etill higher values for mors slender wings. For
a comparison with two-dimensional values of maximum L/D, wing 1 was
tested reoversed, that is, with ite shsarp, straight tralling edge
forward, normal to the stream. Approximate values of maximwm L/D
obtained were 4.0 for M = 1.43 and 3.8 for M = 1.7L. The L/D
curves are Seen to be approaching these values as the wing lezding
edges approach the normal to the stream.

Test Results for Swespi-back Wings

The 1ift results shown in figure 9 for the six swept-baci: wings
indicate no significant change in slope with aspect ratioc except for
the 45° sweep angle where the slope for the lower aspect ratic appesrs
higher. For the 45° swedp angle at the teet Mach numwbor of 1.43, the
Mach cone lies epproximately along the wing leading edpe, and 1t might
be expected that the different flow arising from the strong iniitlal
shock would lesd to different characteristics than for the higher angles
of sweep for vhich cases the Initial disburbance mmet be smaller.

The most significant result of the drag coefficlenta shown for the
wings in figure % is the high drag for tne wing with 450 sweep. It is
also important to note that for the Mach number of 1.43, drag coef-
ficlents as low as subsonic values are not obbteired until the sweep
angle is increased to approximately 60°. Practicel use of this high
degree of swesp appeasrs difficult in relation to present knowledge
and cepabllity of handling the low-speed stabllity and control problems.
The upward trend of the L/D curves shown in figure 9 for the highest
sweep angle suggests & high value of maximim L/D » Inviting solution
to these stability and control problems.

The moment results of figure 9 show the center of pressure to bo
moving forwerd &8s the sweep angle decrsases. At the highesat sweep
angle, the center of pressurs appears sbout on the center of area.
This result might be expected due to the fect thet most of the wing
is in an approximetely conical field except in the regions near the
tips end along the trailing edge. ’

A comparison betwesen the 1ift and drag test resulis for tho
gwept-back and trianmlar wings &t a Mech number of 1.43 is gifven in
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figure 10. The lift-curve slopes for the swept-back wings are
aprreclably lower than those for the triangular wings for corres-
ponding sweep angles. A part of this difference may be due to
thicker spctions and some increases in 1ift might bs affected by use
of thinmer sectioms. Further tests beyond the present very skeichy
tests are necessary to explore this possibility. The drag compsarison
shows about the same minimum drag coefficient foir the iriangular and
swept wings at the higher angles of sweep, hovever, for the lower
swoep angles, the swept wing valuea arc higher. . The highsr drage

are probably due to the increased thickness ratio for the swept wings.
It appears that the drag test results are not sufficiently accurate
to shew effects of aspect ratio. Variationse in drag with aspoct
ratio and sweep angle can be celculated by tho theory presonted in
refercnce 3. ' _ :

The schlioren photographs of tho lowor aspect-ratio swept wingse
shown in figure 11 werc made at a highor atroom Mach number then that
for the force tests, but sorve to show somo sigmificant points in
regard to the flow ovor the wings. The photographs wore made at a
stroum Mach number of 1.55. For photograph (4), the lcading odge of
the ¥5° wing is in a position slightly ehoad of the Mach anglc. The
disturbanco a2hoad of thc wing is scen to bo strong as indicated by
appreciable curvature of tho shock. This strong shock losds to tho
idea that nigh prossurcs arg acting along the wing loadingz odge
rosulting in high drag. This relatively high drag hes boun shown by
the force tests. Coamparison of photograph (@) with photographs ()
and {c) for highor anglos of sweop indicatos that tho intonsity of
thoe initial disturbenco from the point of the wing dccrcasos. This
is in linec with tho docroasing drzgs shown by tho force tosts. Tho
sldoc viow of the 63° swocp wing in photogreph (b) shows the inltlal
disturbance still small, but shows a fairly strong shock originating
at the vertox of the itrailing edge. This indicatos an accolerating
rogion over the roar portion . of wing ncer the trailling-cdge vortex,
resulting in rolatively high velocitics. As regords tho tip sections,
roagoning based on Jones' theory in reference 3 sugzests that tho
tipe should probably be made parcllel to the strcam for lower tip drag.

CONCIUSIONS

Supersonic wind-tunnol tests of a scries of thin, triangular
plen-form wings at Mach numbers of 1.43 end 1.71, and tests of throe
swept-back wlngs of 13.3-percent thicknoess ratic at 5. .Mach number of
1.43 have indicatod tho following conclusicna:
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1, The 1ift of thin, triengular plan—form wings may be
calculated by Jones' slender wing theory up to velues of

pan €
ten m
angle. TFor values of

- equal acproximately 0.3, where € is the wing vertex half-
tan €.

an m

the sams as that obtained theoretically for a two-dimensional wing.

above 1.0, the lift is essentially

2, The center of pressure of thin, triancular plan~form wings
is coincident with the center of area.

3. For low drag coefficlents approaching those due to skin
friction alone and for the highest values of maximwm L/D, both
triangular and swept-back wings should be operated wlth thelr leading
edges well behind the Msch cons.

.Langley Memorisl Aeronsutical Laboratory
Nationsl Advisory Committee for Aeronautics
Langley Fleld, Va,
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NACA RM No. L6L17 Fig. 3c
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Fig. 3d - "NACA RM No. L6L17
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Fig. 3f : NACA RM No. L6L17

.3 1 1 T LI
SO
12
4
/]
.ﬂ
C,_ 0 /9,

-.3

/2 /2

.08 8 %
CD

o% 4+

o
NATIONAL ADVISORY
o COHH!TTEE FOR AERONAUTICS o

Jo) 2 < &
X, deg '

(F) Wing 6 ; R = 700000
5_9'0’3 3. - Comtrrved



NACA RM No. L6L17 Fig. 3g
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. Fig. 3h NACA RM No. L6L17
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NACA RM No. L6L17 ' Fig. 4a
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Fig. 4b ' NACA RM No. L6L17
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NACA RM No. L8L17 ~ Fig. 4c

-3 i ' ! 1

C, o }/9
iy ofﬂ/
o]
//
o -
._Z 4
-3
N4 /2
o8 . 8
_ L
Co PR - e /D
OF ool X 5 5 4
sommmm— | o7 : -
- - -2 o 2 < s °
o, d=g NATIONAL ADVISORY

, COMMITTEE FOR AERONAUTICS
) ©) Wing 3 ) R=520 000
Frguere F.— ConZrinved.



Fig. 44

 NACA RM No. LBL17

®

Py

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

_ @) Wing 4+, R=560 aco
rrgured — Contipeved.



NACA RM No. L6L17 Fig. 4e
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NACA RM No. L6L.17 Fig. 4g
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Fig. 6 NACA RM No. L6L17
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NACA RM No. L8L17 1 ' Fig. 7
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NACA RM No. L8L1T ) Fig. 9
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NACA RM No. L6L17 Fig. 11
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